Introduction {#Sec1}
============

Human immunodeficiency virus type 1 (HIV-1) is one of the most important communicable infectious diseases worldwide. It presents a great threat to public health in China and abroad \[[@CR1], [@CR2]\]. Since the first domestic HIV-1 outbreak was detected among injecting drug users (IDUs) in the city of Ruili in Yunnan Province in 1989 \[[@CR3]\], China has made great efforts toward controlling and preventing this disease. Following the country's social and economic development and the implementation of policies regarding blood donation, the primary transmission routes of HIV-1 in China have shifted from blood donation and injection drug use (IDU) to hetero- or homosexual activity \[[@CR2]\]. There are about 1.3 million people infected with HIV-1 as of December 31, 2018, in China, and the number of newly diagnosed HIV-1 cases has increased rapidly in recent years \[[@CR4], [@CR5]\]. A major feature of HIV-1 is its high level of molecular polymorphism, which is due to its high replication rate and the lack of proofreading activity in its reverse transcriptase. At present, more than 10 subtypes of HIV, which can be divided into groups M, N, and O, have been reported worldwide \[[@CR6]\]. The distribution of different subtypes has been found to exhibit geographic-specific patterns. HIV-1 subtype B is widespread globally, especially in Europe and the United States, but it only accounts for approximately 10% of HIV infections in the other parts of the world \[[@CR7]\]. In China, an increased frequency of recombinant strains has been observed nationwide \[[@CR8]\].

Antiretroviral therapy (ART) has significantly slowed the progression of immunodeficiency in patients infected with HIV-1 \[[@CR9]\]. However, the emergence of drug resistance mutations (DRMs) due to natural and drug-induced selection poses as a great challenge for successful ART \[[@CR10]\]. Previous studies have demonstrated that genotypic resistance is frequently associated with the failure of ART \[[@CR11]--[@CR13]\]. HIV-1 drug resistance can also be transmitted to another person. The prevalence of transmitted drug resistance (TDR) in North America and western Europe ranges from 4% to 20% \[[@CR14]--[@CR16]\]. Drug resistance testing is widely used in clinical practice to guide rational drug use. The HIV-1 *pol* gene is generally used to identify mutations associated with resistance to reverse transcriptase (RT) or protease (PR) inhibitors and for HIV-1 subtyping \[[@CR17]\]. Genetic typing of HIV-1 strains is important because different subtypes exhibit different patterns of drug resistance and treatment responses \[[@CR18]\].

In this study, blood samples were collected from HIV-positive inpatients and outpatients visiting the Sixth People's Hospital of Zhengzhou from August 2017 to July 2019 in Henan Province, China, and the distribution of HIV-1 subtypes and the prevalence of DRMs were analyzed.

Materials and methods {#Sec2}
=====================

The study population included HIV-positive inpatients and outpatients visiting the Sixth People's Hospital of Zhengzhou from August 2017 to July 2019 in Henan Province, China. The criteria for inclusion were that the HIV-1 viral load in plasma sample was greater than 1000 copies/ml \[[@CR19]\]. Data about the patient\'s general condition, transmission route, HIV-1 RNA level, CD4+ T-cell count, and history of ART were collected. Blood samples were collected into EDTA-containing tubes, and plasma samples were prepared by centrifugation. The HIV-1 RNA viral load (VL) in the plasma samples was determined using a Human Immunodeficiency Virus (HIV-1) RNA Quantitative Diagnostic Kit (Northeast Pharmaceutical Group, Shenyang, China) according to the manufacturer's protocol \[[@CR20]--[@CR22]\]. Briefly, viral RNA was extracted from plasma samples using magnetic beads, and real-time fluorescence quantitative RT-PCR detection of HIV-1 was performed by a TaqMan probe method. An internal standard was used to detect the presence of PCR inhibitors in the samples to avoid false-negative results.

Whole blood was collected either at the same time as sample collection for VL measurement or afterward, and plasma was separated by centrifugation as described above. HIV-1 RNA was isolated from 140 μl of plasma using a magnetic-bead-based Virus RNA Extraction Kit (Zhijiang, Shanghai, China) according to the manufacturer's protocol. An HIV-1 *pol* gene sequence including the protease gene and part of the reverse transcriptase gene was reverse transcribed, amplified, and sequenced as described previously, with modifications \[[@CR23], [@CR24]\]. Briefly, the HIV-1 *pol* gene was reverse transcribed using the specific primer R5073 and a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA, USA). The target sequence (approximately 1,300 bp) was amplified by nested PCR using LA Taq™ Version 2.0 (Takara, Shiga, Japan) with two primer sets (PRO-F1 and RT-R1 for first-round PCR and PRO-F2 and RT-R2 for second-round PCR). Each amplified fragment was sequenced with two primer sets (CF1, CF3, CR2, and CR4 as the primary sequencing primer set; CF2, CF4, CR1, and CR3 as the backup sequencing primer set) (Table [1](#Tab1){ref-type="table"}). For analysis of drug resistant mutations and antiretroviral susceptibility, sequences were submitted to the Stanford HIV-1 drug resistance database (<https://hivdb.stanford.edu/>), which undergoes frequent updates.Table 1Primers used in this studyNameSequenceHXB2 locationRT primer R50735′-CCACACAATCATCACCTGCC-3′5073-5092Amplification primer sets PRO-F15′-TTGGAAATGTGGAAAGGAAGGAC-3′2028-2050 RT-R15′-CTGTATTTCTGCTATTAAGTCTTTTGATGGG-3′3509-3539 PRO-F25′-CAGAGCCAACAGCCCCACCA-3′2147-2166 RT-R25′-CTGCCAGTTCTAGCTCTGCTTC-3′3441-3462Sequencing primer sets CF15′-CACTCTTTGGCAACGACCC-3′2260-2278 CF35′-AATTGGGCCTGAAAATCC-3′2694-2711 CR25′-GGATTTTCAGGCCCAATT-3′2600-2618 CR45′-GGAATATTGCTGGTGATCC-3′3014-3033 CF25′-GTTGACTCAGATTGGTTG-3\'2519-2537 CF45′-TGGAGAAAATTAGTAGATTT-3\'2760-2780 CR15′-ATAAAACCTCCAATTCC-3′2396-2413 CR35′-CTGTCCTTTTTCTTTAT-3′2736-2753RT, Reverse transcription

The *pol* region has been identified as a reliable region for HIV-1 subtyping \[[@CR25], [@CR26]\]. For subtyping analysis, the HIV-1 genotype was determined using the REGA HIV-1 Subtyping Tool (Version 3.0; <https://dbpartners.stanford.edu:8080/RegaSubtyping/> stanford-hiv/typingtool/) and confirmed by phylogenetic analysis. Newly determined *pol* gene sequences were aligned with subtype reference sequences downloaded from the Los Alamos HIV Sequence Database (<https://www.hiv.lanl.gov/>), using CLUSTAL W. For phylogenetic analysis, 10 representative sequences or all sequences from each subtype were selected, and a phylogenetic tree was constructed using Molecular Evolutionary Genetic Analysis (MEGA) software (version 6) based on the neighbor-joining method and the Tamura-Nei model with 1000 bootstrap replicates. The Kimura two-parameter model was used with a transition-transversion ratio of 2.0 and the scale bar represented a genetic distance of 1% \[[@CR27], [@CR28]\]. Bootstrap values higher than 70% are shown at the corresponding nodes. The clustering of specific subtypes is indicated.

Statistical analysis was carried out using the SPSS statistics program (version 20) for Windows (SPSS, Inc., USA). Differences in rates of drug resistance among groups were analyzed by chi-square test, and a *p*-value less than 0.05 was considered statistically significant.

The sequences determined in this study were deposited in the GenBank database under the accession numbers MT042116 - MT042772.

Results {#Sec3}
=======

A total of 769 HIV-1 patients were tested using the protocol given above, and the reverse transcriptase and protease regions were successfully amplified for 657 patients. Demographic characteristics of these patients (n = 657) are shown in Table [2](#Tab2){ref-type="table"}. The median age of all patients was 38 years (ranging from 5 to 81). Of these patients, 80.8% were male, with a median age of 37 years (ranging from 5 to 81), and 19.2% were females, with a median age of 45 years (ranging from 8 to 75). In addition, 99.2% of the patients were of Han ethnicity, and 96.8% came from Henan Province. Among these patients, men having sex with men (MSM) and heterosexual activity (HSX) were the two major transmission routes, accounting for 21.6% and 18.0% of the infections in the study population, respectively, and they increased to 38.2% and 31.7%, respectively, after patients with unspecified information were removed. Almost all HIV-1 patients under the age of 15 had been infected by mother-to-child transmission. It was also observed that the rate of infection by plasmapheresis and blood transfusion increased with age and peaked in the age range of 46**--**60 years (Fig. [1](#Fig1){ref-type="fig"}). Medication history showed that almost all ART-experienced patients had been treated with tenofovir (TDF) + lamivudine (3TC) + efavirenz (EFV)/nevirapine (NVP), as those drugs were provided for free, and the administration of those drugs was supervised by local rural physicians (Table [3](#Tab3){ref-type="table"}).Table 2Baseline demographic and viral characteristicsCharacteristicNo. of patients \[N = 657\]**Sex**Male - no. (%)531 (80.82)Female - no. (%)126 (19.18)**Age at diagnosis (years)**Male (median/range)37/(5-81)Female (median/range)45/(8-75)**Race/ethnicity**Han ethnicity - no. (%)652 (99.24)Non-Han ethnicity - no. (%)5 (0.76)**Geographic location of subjects**Henan - no. (%)636 (96.80)Other - no. (%)21 (3.20)**Risk factor for HIV**MSM - no. (%)142 (21.61)HSX - no. (%)118 (17.96)MTCT - no. (%)33 (5.02)PL - no. (%)39 (5.94)BT - no. (%)36 (5.48)IDU - no. (%)4 (0.61)OTH - no. (%)285 (43.38)**CD4**^+^**T cell count (cells/µl)**CD4^+^, median (min/max)52 (1/1196)**HIV Baseline viral load (copies/ml plasma)**VL, median (min/max)49077 (1151/4280000)MSM, men who have sex with men; HSX, heterosexual orientation; IDU, injection drug use; PL, plasmapheresis; BT, blood transfusion; MTCT, mother-to-child transmition; OTH, others, including patients whose risk factors were unknown or patients who did not provide informationFig. 1The characteristics of HIV transmission in the population of Henan. This graph shows the proportion of different transmission routes in each age group. MSM, men who have sex with men; HSX, heterosexual orientation; IDU, injection drug use; PL, plasmapheresis; BT, blood transfusion; MTCT, mother-to-child transmission; OTH, others, including patients whose risk factors were unknown or were unwilling to provide informationTable 3Drug resistance analysis of drugs and mutationsDrug categoryDrugsDR (no.)DRMs\*NRTIsABC225K65R, L74VI, Y115F, Q151MAZT59K70R, T215FY, Q151M3TC281K65R, M184VITDF169K65RNNRTIsEFV325K103NS, L100I, K101P, V106AM, Y181CIV, Y188LCH, G190ASEQNVP327K103NS, L100I, K101EP, V106AM, Y181CIV, Y188LCH, G190ASEQPIsLPV/r11I47A, L76V, V82A, I84VNRTIs, nucleoside reverse transcriptase inhibitors; NNRTIs, non-nucleoside reverse transcriptase inhibitors; PIs, protease inhibitors; ABC, abacavir; AZT, zidovudine; 3TC, lamivudine; TDF, tenofovir; EFV, efavirenz; NVP, nevirapine; LPV/r, lopinavir/r\*Only mutations associated with medium or high drug resistance are listed

Phylogenetic analysis of the *pol* gene showed that the strains isolated in Henan Province could be divided into six known subtypes and one mixed and unspecified subtype group (others) (Fig. [2](#Fig2){ref-type="fig"}). The distribution of each subtype was as follows: B, 45.5% (299/657); CRF01_AE, 28.6% (188/657); CRF07_BC, 15.7% (103/657); CRF08_BC, 0.761% (5/657); C, 0.609% (4/657); A, 0.304% (2/657); and other, 8.52% (56/657). Recombinants accounted for 53.6% (352/657) of all subtypes, with CRF01_AE and CRF07_BC being the major recombinant strains (Table [4](#Tab4){ref-type="table"}). Based on clinical information, 233 cases were in ART-naïve patients, accounting for 35.5% (233/657) of the study population. In these ART-naïve patients, the most prevalent subtypes were CRF01_AE (33.5%, 78/233), CRF07_BC (30.0%, 70/233), and type B (26.6%, 62/233).Fig. 2Phylogenetic tree based on *pol* sequences, constructed using Molecular Evolutionary Genetic Analysis (MEGA) software (version 6) based on the neighbor-joining method and the Tamura-Nei model with 1000 bootstrap replicates. Bootstrap values higher than 70% were shown at the corresponding nodes. The clustering of specific subtypes is indicatedTable 4Distribution and prevalence of DR among HIV-1 subtypesSubtypePatients\
n (%)DR\
n (%)ART-naive\
n (%)ART-naive DR\
n (%)B299 (45.51)202 (67.56)62 (26.61)11 (17.74)CRF01_AE188 (28.61)88 (46.81)78 (33.48)3 (4.29)CRF07_BC103 (15.68)23 (22.33)70 (30.04)1 (1.43)CRF08_BC5 (0.76)3 (60.00)1 (0.43)0 (0.00)C4 (0.61)0 (0.00)2 (0.86)0 (0.00)A2 (0.30)1 (50.00)1 (0.43)0 (0.00)Others56 (8.52)18 (32.14)19 (8.15)0 (0.00)Total657 (100)335 (50.99)233 (100)15 (6.44)CRF, circulating recombinant forms; DR, drug resistance; "Others" include recombinants including CRF55_01B, A1/B, B/C, CRF07_BC/A, and CRF07_BC/D, A1/C/G,, A1/C/B, C/A1, CRF01_AE/A1

The percentage of patients with one or more major DRMs was 51.0% (335/657). Information about DRMs corresponding to specific drugs is listed in Table [3](#Tab3){ref-type="table"}. Resistance mutations at codons 65, 103, 106, 184, and 190 of the reverse transcriptase gene and codon 46 of the protease gene were the most prevalent. M184VI, a mutation that leads to high-level resistance against emtricitabine (FTC)/3TC and low-level resistance against abacavir (ABC), was the most prevalent, resulting a resistance rate of 37.6% (247/657) (Table [5](#Tab5){ref-type="table"}). The drug resistance rate in ART-naïve patients was 6.44% (15/233), and the major drug-resistance mutations were V106AMI, M230L, and K219QE.Table 5Prevalence of drug-class-specific major mutations in treatment-experienced and naïve patientsPIs (n = 8)NRTIs (n = 295)NNRTIs (n = 314)MutationPrevalence n (%)MutationPrevalence n (%)MutationPrevalence n (%)P^a^P-naïve^b^P^a^P-naïve^b^P^a^P-naïve^b^V32I2 (0.30)0 (0)M41L44 (6.70)0 (0)L100I17 (2.59)0 (0)M46I8 (1.22)0 (0)K65R120 (18.26)1 (0.83)K101EP56 (8.52)0 (0)I47A2 (0.30)0 (0)D67N47 (7.15)0 (0)K103NS119 (18.11)3 (2.52)I54V5 (0.76)0 (0)T69D7 (1.07)0 (0)V106AMI107 (16.29)9 (8.41)L76V1 (0.15)0 (0)K70ER43 (6.54)0 (0)Y181CIV98 (14.92)1 (1.02)V82A4 (0.76)0 (0)L74VI39 (5.94)0 (0)Y188LCH32 (4.87)0 (0)I84V2 (0.30)0 (0)Y115F49 (7.46)0 (0)G190ASEQ113 (17.20)0 (0)M184VI247 (37.60)1 (0.40)M230L15 (2.28)1 (6.67)L210W26 (3.96)0 (0)T215FY48 (7.31)0 (0)K219QE31 (4.72)2 (6.45)Q151M0 (0)0 (0)DRMs, drug resistance mutations; NNRTIs, non-nucleoside reverse transcriptase inhibitors; NRTIs, nucleoside reverse transcriptase inhibitors; PIs, protease inhibitors^a^Population prevalence of drug resistance mutations^b^Prevalence of drug resistance mutations in treatment-naïve HIV patients

Major and minor DRMs affecting protease inhibitors (PIs) were observed in 1.22% (8/657) and 2.89% (19/657) of cases, respectively. The major mutation sites were M46I, I54V, and V82A, with V82M as a rare nonpolymorphic variant leading to potential low-level atazanavir (ATV/r) resistance and low-level lopinavir (LPV/r) resistance. For nucleoside reverse transcriptase inhibitors (NRTIs), major and minor DRMs were found in 44.9% (295/657) and 10.1% (66/657) of the cases, respectively. The major mutations affecting NRTIs were K65R and M184VI. K70GQNT is similar to K70E in that it can lead to low-level ABC/TDF resistance and potential low-level FTC/3TC resistance \[[@CR29]\]. T215ANCD, a revertant of T215YF that arises in the absence of NRTIs, leads to low-level zidovudine (AZT)/ stavudine (D4T) resistance \[[@CR30]\]. K219NR, an accessory thymidine analog mutation (TAM), leads to potential low-level AZT/D4T resistance \[[@CR31], [@CR32]\]. For non-nucleoside reverse transcriptase inhibitors (NNRTIs), major and minor resistance-associated mutation rates were found in 47.8% (314/657) and 33.5% (220/657) of the cases, respectively. The major mutations affecting NNRTIs were K103NS, V106AMI, and G190ASEQ (Tables [5](#Tab5){ref-type="table"} and [6](#Tab6){ref-type="table"}).Table 6Prevalence of drug-class-specific minor mutations in treatment-experienced and naïve patientsPIs (n = 19)NRTIs (n = 66)NNRTIs (n = 220)MutationPrevalence n (%)MutationPrevalence n (%)MutationPrevalence n (%)P^a^P-naïve^b^P^a^P-naïve^b^P^a^P-naïve^b^L10F7 (1.07)2 (28.57)E44AED23 (3.50)0 (0)A98G11 (1.67)0 (0)K20T1 (0.15)0 (0)A62V37 (5.63)0 (0)K101H7 (1.07)0 (0)L23I1 (0.15)0 (0)K65EN2 (0.30)1 (50.00)V108I26 (3.96)1 (3.85)L24I2 (0.30)0 (0)K70TNQG24 (3.65)0 (0)E138A**/**GKQ20 (3.04)1 (5.00)L33F6 (0.91)0 (0)K70Deletion1 (0.15)0 (0)V179DE**/**F131 (19.94)23 (17.56)K43T1 (0.15)0(0)V75M**/**I11 (1.67)0 (0)Y188F**/**D2 (0.30)0 (0)F53L1 (0.15)0 (0)F77L1 (0.15)0 (0)G190C3 (0.46)0 (0)Q58E7 (1.07)4 (57.14)Y115F2 (0.30)0 (0)H221Y42 (6.39)1 (2.38)T74P1 (0.15)0 (0)T215ACDN6 (0.91)0 (0)P225H20 (3.04)0 (0)V82M1 (0.15)0 (0)K219NR20 (3.04)0 (0)F227L34 (5.18)0 (0)L89V1 (0.15)0 (0)M230I1 (0.15)0 (0)L234I1 (0.15)0 (0)K238T9 (1.37)1 (11.11)P236L1 (0.15)1 (100)DRMs, drug resistance mutations; NNRTIs, non-nucleoside reverse transcriptase inhibitors; NRTIs, nucleoside reverse transcriptase inhibitors; PIs, protease inhibitors^a^Population prevalence of DRMs^b^Prevalence of drug resistance mutations in treatment-naïve HIV patients

When analyzed by group, the rates of drug resistance were found to be significantly higher in treatment-experienced patients for NRTIs, NNRTIs, and NRTIs plus NNRTIs (*P* \< 0.05), but not for PIs (*P* \> 0.05). When analyzed by subtype, the rate of drug resistance in subtype B was found to be significantly higher than that in subtypes CRF01_AE and CRF07_BC (*P* \< 0.05). When analysis was restricted to treatment-experienced patients, the rate of drug resistance in subtype B was significantly higher than that in subtype CRF07_BC (*P* \< 0.05), but not higher than in subtype CRF01_AE (*p* \> 0.05). The rate of drug resistance in subtypes CRF01_AE and CRF07_BC was significantly different in treatment-experienced patients (*P* \< 0.05).

Discussion {#Sec4}
==========

HIV/AIDS patients in Henan Province were some of the first in China to benefit from the national free ART program that was initiated in 2003 \[[@CR2]\]. Unfortunately, this has inevitably led to drug resistance after long-term treatment \[[@CR33]\]. Drug resistance not only leads to failure of treatment but also poses a risk of transmission of drug-resistant strains, which can occur by different routes \[[@CR14]\]. Previous studies have demonstrated transmission of viruses with resistance to drugs from one or more classes (multidrug resistance) \[[@CR34]--[@CR37]\]. No large-scale HIV-1 drug resistance tests have been conducted in Henan Province, and the demand from patients and clinicians is urgent. Under such circumstances, we adopted an in-house method to conduct HIV-1 drug resistance tests. Alongside drug resistance profiles, HIV-1 subtypes were also analyzed in this study due to their importance in pathogenesis, vaccine development, transmission, disease progression, and treatment response \[[@CR18], [@CR38]\].

Genotyping and drug resistance analysis could not be performed on some of the samples (14.5%, 112/769) because the targeted sequences had not been successfully amplified, possibly due to a poor match between primers that were used and the HIV-1 variants present in those samples. Genotyping analysis indicated that subtype B was the dominant subtype among all subjects, which is consistent with a previous report \[[@CR39]\]. The dominant subtypes shifted to CRF01_AE and CRF07_BC when only treatment-naïve patients were considered. This phenomenon may be explained by possible immigrant-mediated transmission, as the CRF01_AE and CRF07_BC strains are dominant in other provinces (e.g., Guangdong, Yunnan, Zhejiang, Liaoning, and Gansu), and CRF01_AE was not found in Henan Province before 2006 \[[@CR40]\].

Drug resistance analysis showed that the percentage of patients with one or more major drug-resistance mutations was 51.0%, which is higher than those (40.2% and 45.4%) reported by others \[[@CR41], [@CR42]\]. This difference may be due to the dominance of subtype B, the large proportion of older patients, the longer duration of medication regimens, and the greater number of patients with advanced HIV/AIDS disease. Most ART-experienced HIV-1 patients in our study were infected through illicit blood and plasma donation in the mid-1990s and have since then been on medication. Genotype B has been the dominant subtype since the epidemic in Henan Province, and natural evolution and selection of drug-resistant mutants due to poor compliance and limited drug diversity in the early days of treatment may have led to severe drug resistance within this genotype. NNRTI resistance mutations were dominant in our study, while NRTIs dominated in Yunnan and Guangxi \[[@CR39]\]. This difference may have been due to differences in subtype distribution, because HIV DRMs are subtype-specific \[[@CR43], [@CR44]\]. One previous study showed that some NNRTI resistance mutations could significantly increase the replication capacity of subtype B strains \[[@CR45]\]. This may be the reason why NNRTI resistance mutations were more common than NRTI resistance mutations in Henan Province. The proportion of drug resistance mutants varied significantly among the different subtypes derived from treatment-naïve patients, with the largest proportion in subtype B (17.7%, 11/62), followed by CRF01_AE (4.29%, 3/70), and CRF07_BC (1.43%, 1/70). This is consistent with the history of the HIV epidemic in Henan Province and may be due to the transmission of drug resistance \[[@CR46]\].

In summary, our study illustrates the current state of the HIV/AIDS epidemic in Henan Province. Subtype B predominates, but with a gradually decreasing percentage, suggesting that the previously most common route of HIV-1 infection, illicit blood donation, has been brought under control to a certain extent and that more attention should be paid to emerging groups, such as those infected by MSM and HSX. Nationwide, free drug resistance testing is financially supported by the government and only covers patients who have exhibited clinical signs of drug resistance. The rate of drug resistance in treatment-naïve patients has reached a moderate level, and drug resistance testing should be considered mandatory before initiating ART in such patients.
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